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1. INTRODUCTION 
The application of tantalum pentoxide Ta2O5 as a dielectric in capacitor 
structures was widely investigated in the past [1-6]. Investigation of capacitors in the 
wide temperature range was provided to analyze the dependence of leakage current 
(DCL) components on temperature, i.e. contribution of ohmic current component, 
Poole-Frenkel, Schottky and tunneling current components to the total DCL value. 
The growing of the dielectric Ta2O5 layer by anodic oxidation was tuned to prepare 
amorphous insulating layer with low concentration of interstitial and oxygen 
vacancies. It was founded that parameters of anodic oxidation as current density of 
anodization current or used electrolyte, respectively, determine the electron affinity 
and concentration of oxygen vacancies in insulating layer. Electron affinity of 
Ta2O5 increases with anodization current density which leads to decrease of 
potential barriers between Ta-Ta2O5 and Ta2O5–cathode, respectively. Very low 
anodization current density can lead to the creation of nano and micro crystalline 
structures which can be source of field crystallization [7-8].  
For application of tantalum capacitors an important parameter is equivalent 
series resistance (ESR). From this point of view the manganese dioxide (MnO2) 
cathode was replaced by conducting polymer (CP) which has higher conductivity. 
Manganese dioxide work function value is WMNO2 = 5,6 eV, while the conducting 
polymer work function value is about WCP = 5 eV only.  Then CP creates lower 
potential barrier between cathode and insulating layer and then this is a source of 
higher leakage current. [8-11]. 
The investigation of leakage current behavior in the wide temperature range 
shows, that the temperature dependent charge carriers’ transport components as 
Poole-Frenkel and thermionic emission limited current component play important 
role at the temperatures above 150 K while tunneling of charge carriers becomes 
dominant in the low temperature range, where the thermally activated over barrier 
current components are negligible. Tunneling current component is considered to be 
temperature independent however the experiments performed on tantalum capacitors 
for the temperatures below 100 K show, that the tunneling current increases with 
decreasing temperature in the range 100 K to 50 K, while slightly increases in the 
range 50 to 10 K [11]. Detail study of this issue will be given in this thesis. 
2. STATE OF ART 
Tantalum capacitor consists of three layers; Ta metal, Ta2O5 insulator and 
MnO2 or CP semiconductor. This structure is described in many publications as MIS 
structure [e.g. 8, 9]. The transport of the charge inside this MIS structure is driven 
by several transport mechanisms, e.g. ohmic, thermionic emission limited current, 
Poole-Frenkel and tunneling mechanisms. The identification of charge transport 
mechanism can be done on the base of I-V characteristic analysis. 
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Tantalum anode is made from tantalum powder pressed and sintered around 
the tantalum wire. The powder particle sizes are available typically from 10 nm. The 
bigger particles are used for the high-voltage capacitors and the smaller particles for 
the others [12, 13]. The capacity is proportional to the surface of sponge-like anode. 
Process of sintration leads to the creation of conductive contacts among the grains of 
powder and helps to clear all dirties in tantalum powder from previous pressing on 
the anode with the ongoing chemical reactions. The sintration also causes the 
mechanical connection between the particles and a strong porous structure is 
created. The connection between the tantalum wire and pressed particles is now 
ready for the next process of dielectric layer creating.  
The forming process, also called anodic oxidation, is applied as next step of 
creating tantalum capacitor. Tantalum wire with pressed anode is put into the low 
concentration acid and it is dipped for a defined time at the temperature at 85 °C. 
The acid gets to around all small pressed particles. Subsequently is applied voltage 
between the acid and anode. This process causes the growth of the dielectric layer of 
Ta2O5. Growing is caused due to the motion of oxygen’s ions in the crystalloid grid 
and with applied electric field these ions caused the growing of dielectric layer. The 
amorphous structure of Ta2O5 is created on the surface of anode.  
The thickness of dielectric layer d is possible to calculate from the equation. 
d = a . Uf (2.1) 
where d is dielectric layer thickness in meters, a is anodization coefficient 
with value dependent on forming acid in m.V-1 and Uf is forming voltage in Volts.  
The amorphous oxide films are characterized by the presence of plenty of 
various imperfections, stoichiometric, structural defects, traps and other defects. 
From the measuring the donor concentration is of the order ND = 1017 to1019 cm-3.  
For value of the ND higher than 1018 cm-3 the impurity band is created [14-18].The 
mechanisms of charge transport through the oxide layer are directly related to the 
donor concentration.  
The preparation process of MnO2 cathode is called manganization. The 
manganese nitrate and his thermal dissociation onto the sequential into the 
manganese dioxide and nitrogen oxide caused the growing next layer as described 
the equation 2.4. 
↑+→ 2223 2)( NOMnONOMn
heat  (2.2) 
The process of manganization is repeated several times for the enough 
strength of the layer. MnO2 forms conductive connection between Ta2O5 layer and 
outer contact electrode [13, 14]. Alternative method for the cathode preparation is 
the use of conductive polymer (CP) based on the polypyrole. Formed anode is 
dipped in CP to reach proper contact. Sequential CP on pre-polymerized CP is used 
for cathode creation. The main advantage of the using the CP is the suppression of 
ignition process and due to no oxygen in the structure the ignition process is hardly 
separated from the failure of the capacitor. A distinguished property of tantalum 
capacitors with MnO2 or CP cathode is renovating mechanism, this mechanisms is 
described in [19-21].  
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3. MIS MODEL OF TANTALUM CAPACITORS  
3.1. THE THEORY OF MIS STRUCTURE 
The capacitor structure can be described by the metal-insulator-semiconductor 
(MIS) model. The description of tantalum capacitor as a MIS structure was first 
presented in [15, 22 - 25]. Further this theory was studied by Teverovsky in [18]. 
The key parameter for the MIS model of tantalum capacitor is the determination of 
height of potential barriers’ on the metal – insulator, and insulator – semiconductor 
interface, respectively. These parameters can be determined from the analysis of 
tantalum capacitor transport characteristic.  
The MIS structure for tantalum capacitor consists of metallic tantalum Ta, 
insulator Ta2O5 and semiconductor MnO2 or CP, respectively. Figure 3.1 shows 
energy band diagram before the thermodynamic equilibrium for capacitor with 
MnO2 cathode and CP cathode, respectively. Here WM and WMnO2 is work function 
of tantalum and manganese dioxide MnO2, χi is Ta2O5 electron affinity, EF Fermi 
level, ECI is conducting band energy in Ta2O5, EVI valence band energy in Ta2O5, 
ED is donor energy band in Ta2O5, ECS is conducting band energy in MnO2, EVS 
valence band energy in MnO2, HOMO is highest occupied molecular orbital in 
conducting polymer, LOMO is lowest unoccupied molecular orbital in conducting 
polymer 
[23 - 26].  
 
Fig. 3.1 MIS model structure before thermodynamic equilibrium for the tantalum capacitor with MnO2 
cathode (left) and CP cathode (right) 
 
Figure 3.2 shows the MIS model structure of the tantalum capacitors with 
MnO2 and CP cathode, respectively, after the thermodynamic equilibrium. Here 
eφΜΙ is energy barrier on the interface between tantalum and insulating layer Ta2O5, 
eφIS is energy barrier on the interface between insulator layer Ta2O5 and 
semiconductor MnO2, Eg is forbidden energy gap value, ED is defect energy band in 
insulating layer Ta2O5 [16, 23-29]. 
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The basic values for determination of band diagrams are as follows: value of 
work function for tantalum Ta is 4.2 eV, work function for manganese dioxide 
MnO2 is 5.6 eV, work function for conducting polymer CP is about 5.0 eV, and 
electron affinity for amorphous structure of Ta2O5 in range from 3.2 up to 3.9 eV 
according the anodic oxidation technology. The electron affinity χi is a quantity 
defined as the energy required for an electron to be removed from the bottom edge 
of the Ta2O5 conduction band to a point in vacuum just outside the Ta2O5. The 
value of the electron affinity depends on the insulating layer structure. For 
amorphous thin Ta2O5 film (d < 50 nm) the electron affinity χi  ranges from 3.2 to 
3.9 eV while for thick (d > 200 nm) polycrystalline Ta2O5 film equals χi = 1.2 eV. It 
was established that the higher electron affinity χi  the lower leakage current. The 
next parameter is the concentration of the impurities which state in the forbidden 
energy gap of Ta2O5. [16, 23-29]. 
 
Fig. 3.2 MIS model structure in thermodynamic equilibrium for the tantalum capacitor with MnO2 cathode 
(left) and CP cathode (right) 
 
The difference between Ta2O5 electron affinity and work function of MnO2 or 
CP respectively determines barrier ΦIS on the insulator – semiconductor interface. 
This barrier is for amorphous Ta2O5 in the range 1.7 up to 2.4 eV.  With increasing 
barrier height the current throw the capacitor structure decreases. The difference 
between Ta2O5 electron affinity χi and work function from tantalum determines the 
value of potential barrier ΦMI on the metal – insulator interface. This barrier height 
value is in the range from 0.2 up to 0.9 eV [16, 23-29].  
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Fig. 3.3 Basic principal of the charge carrier transport in the capacitor 
Figure 3.3 shows the basic band diagram to explain the charge carrier 
transport in the capacitor in normal mode. These are Ohmic current component, 
Poole-Frenkel current component and tunneling current component. The Ohmic 
conduction mechanism is mainly influenced by electron hopping between 
neighboring impurity site in the defect band. This type of the conduction process 
depends on impurity concentration and the energy depths of the impurity states. 
The concept of the hopping transport has been used for a long time in 
connection with ionic conduction; ions move essentially by hopping, whether 
through interstices or vacancies. In our case we suppose that electrons‘ hopping is 
involved as a source of the Ohmic current. Poole-Frenkel current component is 
pronounced in higher temperature range and involves the electron excitation from 
the donor state into the conduction band of tantalum pentoxide. The probability of 
this mechanism increases with applied voltage due to the rice of potential barrier 
lowering ∆ΦPF. Another transport mechanism is tunneling of charge carrier from the 
bounded state in impurity band or from the highest occupied state in MnO2 or CP 
cathode to the conduction band in tantalum pentoxide. Poole-Frenkel charge 
transport mechanism is pronounced for temperatures above 150 K while in the low 
temperature range tunneling current and Ohmic current components are dominant 
[15, 16, 22, 25, 30].   
3.2. CHARGE TRANSPORT IN TANTALUM CAPACITOR  
For an ideal capacitor no transport of charge through the insulating layer is 
considered. In the real structure the current flowing through the capacitor after the 
steady state achievement is denoted as leakage current (DCL). According to the 
classical theory the leakage current was described by current on the surface and 
current throw the cracks and defects in dielectrics layer. This model has 
substantiation in devices with higher leakage currents and these devices have really 
higher number of cracks inside the structure. With improving capacitor technology 
the leakage current value decreased and the “crack” theory become insufficient. The 
DCL characteristics measured for a group of capacitors show excellent 
reproducibility both in the value and shape of I-V curve, which is unlikely in case of 
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charge transport through the cracks. It is supposed, that the DCL is given by the 
charge transport mechanisms pronounced in MIS structure [16, 23-29, 31, 36-37]. 
The appropriate mechanisms involved in the charge transport are possible to 
determine from the analysis of I-V characteristic. Beside the transport mechanisms 
already mentioned above, i.e. ohmic, Poole-Frenkel, Schottky and tunneling 
mechanism, we must also consider thermionic emission limited over barrier current, 
space charge limited current and the polarization current in the I-V characteristic 
analysis [29-35]. 
3.3. OHMIC CURRENT COMPONENT  
The ohmic current can be observed for electric field less than 0.5 MV.cm-1 at 
room temperature. There is small influence of the electric field polarity, for the 
normal mode and reverse mode the value is vice versa. This current component is 
temperature dependent and it is characterized by resistance of the conductive layer. 
Ohmic current component is given as: 
VGI ΩΩ =  (3.1) 
Where GΩ is ohmic conductivity, which is influenced by concentration of 
oxygen vacancies in the impurity band and V is voltage. For the lower values of 
electric field the ohmic conductivity can be defined as: 
dAenG µ=Ω  (3.2) 
Where A is area of capacitor electrode, e is elementary charge, n is 
concentration of charge carriers, µ is mobility of charge carriers and d is the Ta2O5 
layer thickness.  
Figure 3.4 shows the I-V characteristic in linear scale and J-E characteristic  
in logarithmic scale for sample KOL2012 – 05 for temperatures 12 K, 40 K and  
150 K. Linear dependence between the current and voltage or current density and 
electric field, respectively, can be determined from measured characteristics. We can 
see that linear function fit the measured I-V curve in the voltage range 0 to 0.4 V. 
The slope of straight line is 5.2x10-8 S for temperature 12 K and 1.0x10-8 S for 
temperature 150 K, which gives the value of ohmic conductivity. The logarithmic 
graph shows the electric field range where the ohmic current component is 
dominant. That is for the part where the measured data could be approximated  
by the straight line with the slope m = 1. For the sample KOL 2012-05 the ohmic 
current component is dominant for electric field up to 0.05 MV.cm-1. For higher 
electric field injection of electrons into insulator is observed (see Fig. 3.4).  
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Fig. 3.4 I-V characteristic (linear scale) and J-E characteristic (logarithmic scale) for sample KOL2012 – 05 
measured for temperatures 12 K, 40 K and 150 K 
3.4. SPACE CHARGE LIMITED CURRENT 
Space charge limited current (SCHLC) density JSC is covered by Mott-
Gourney square law [28]: 
3
2
0
9
8
d
VJ rSC
µεε
=  (3.3) 
Where ε0 is permittivity of vacuum, εr is Ta2O5 dielectric constant, µ is 
mobility, V is voltage bias, and d is Ta2O5 layer thickness. The equation covers the 
current density in case of shallow traps in dielectric layer. In our case the donor 
energy band is approximately 0.8 eV below the conduction band in Ta2O5 layer. For 
deep traps the occupancy of the trap level increases and trapped charges play 
important role in current density-voltage curve. At low bias voltage the charge 
transport is governed by the trap-charge-limited current, when an increase in the 
number of injected electrons causes the filling of traps and increase of the space 
charge. This leads to an abrupt increase of the current slope, J vs. Vm with exponent 
m > 2 (see Fig. 3.4 – measurements for temperature 40 K, where the slope in log-log 
graph is m = 3). For higher voltage bias the trapping sites are already filled and all 
additionally injected carriers contribute to the space-charge-limited current. The 
voltage exponent higher than 2 decreases and the current density increase toward the 
square law [36, 37]. From the SCHLC the charge mobility can be calculated. 
3.5. POOLE-FRENKEL CURRENT COMPONENT  
The process of the Poole-Frenkel (PF) charge transport is described as the 
thermionic emission of charge from the localized state in the defect band of insulator 
into the conductivity band and its’ transfer into the anode. This effect is important 
for temperature range above 150 K. Figure 3.3 shows the principle of the PF effect. 
It is obvious that the electron is emitted into the conduction band and continues into 
the anode. There Ea  is required charge activation energy, ΔeΦPF is the potential 
barrier lowering due to the Poole-Frenkel effect, and E is electric field [20, 28, 38-
39]. Poole-Frenkel current IPF is given as [28]: 
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( )VVGI PFPFPF βexp=  (3.4) 
Where GPF is Poole-Frenkel conductivity and βPF is Poole-Frenkel coefficient 
dependent on the Ta2O5 layer thickness d as: 
kT
de r
PF
επε
β 0
3 /
=   (3.5) 
Where e is elementary charge, ε0 is dielectric constant of vacuum, εr is Ta2O5 
relative permittivity, k is Boltzmann constant and T is thermodynamic temperature 
in Kelvin.  
For analysis of investigated results there are used two methods - the analytical 
and the graphical one. The analytic method is based on the fitting of measured 
results by the mathematical model and determination of the functions and 
parameters of considered current components. The graphical method is based on the 
depiction of experimental data in such graph, where the desired charge transport 
mechanism is represented by linear dependence. This graph is often denoted as PF 
plot. Analytical and graphical analysis of measured I-V curve is shown in Fig. 3.5. 
PF current component is observed only in the range 0.1 to 0.6 MV/cm and for 
lower temperatures this current component is negligible [20, 28, 38-39]. 
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Fig. 3.5 Analytical method (left) and graphical method (right) for determination of Poole-Frenkel current 
component from I-V characteristics for the sample KOL2012-05 in normal mode for the temperature 150 K. 
3.6.  SCHOTTKY CURRENT COMPONENT 
The Schottky charge transport mechanism is described as the thermionic 
emission of charge from the cathode into the Ta2O5 conductivity band and its’ 
transfer into the anode.  
Schottky current IS is given as [28]: 
( )VII SSs βexp0=  (3.6) 
Where IS0 is Schottky current constant and βS is Schottky coefficient 
dependent on the Ta2O5 layer thickness d as: 
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kT
de r
S
επε
β 0
3 4/
=  (3.7) 
Where e is elementary charge, ε0 is dielectric constant of vacuum, εr is Ta2O5 
relative permittivity, k is Boltzmann constant and T is thermodynamic temperature 
in Kelvin [20, 28]. 
Comparing equations 3.8 and 3.11 we can see that βPF = 2βS. These constant 
characterize the barrier lowering due to the Poole-Frenkel or Schottky effect, 
respectively. However the Schottky current component in tantalum capacitors as 
well as in MIS structures with insulator thickness of the order of tens of nanometers 
at the room temperature is mostly negligible [3, 18, 37]. 
3.7. TUNNELING CURRENT COMPONENT 
The equation describing the I-V characteristic for tunneling current through 
the triangular shape energy barrier is described by [28]: 





−=
V
UVGI TnT exp , (3.8) 
Where V is the applied voltage, GT and UT are tunneling current constants, 
and the value of the exponent n depends on the barrier shape (for triangular barrier  
n = 2). The tunneling parameter UT can be expressed for the energy barrier eΦο as:  
de
eh
mUT
5.1
0 )()3(
*28
Φ=
π
  (3.9) 
Here, m* is the electron effective mass, h = 6.6x10
-34 J.s is the Planck constant 
and e is the elementary charge, d is the thickness of the insulating layer. 
For the dependence of the tunneling current density J vs. electric field E one 
can calculate: 





−=
E
EEJ TT exp
2γ  (3.10) 
Where γT and ET are the tunneling current density constants. The value of 
tunneling parameter GT and γT characterizes the energy barrier transparency for 
charge tunneling. The higher is the value of GT or γT the higher is tunneling current 
component value. The tunneling parameter ET can be expressed for the energy 
barrier eΦο as: 
( ) 5.10)3(
*28
Φ= e
eh
mET
π  (3.11) 
Here, m* is the electron effective mass, h = 6.6x10
-34 J.s is the Planck constant 
and e is the elementary charge. 
The values of the tunneling parameters UT and ET depend on the electron 
effective mass. In this work the potential barrier eΦο in eV was estimated for 
electron effective mass m*= 0.1 m0, where m0 = 9.1 × 10-31 kg is the electron rest 
mass. Using this value for m* we obtained a good agreement of experimental and 
theoretical I-V characteristics. [20, 28, 30-36, 38-44] 
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Fig. 3.6 Analytical method (left) and graphical method by Fowler-Nordheim graph (right) for determination 
of tunneling current component for sample KOL2012-05 at temperature 12 K 
Figure 3.6 (right) shows the analytical method for the evaluation of the I-V 
characteristic for sample KOL2012-05 at temperatures 12 K, where only the ohmic 
and tunneling current is considered as a source of DCL.  Here the tunneling current 
constants have the values GT = 16.9 AV-2 and UT = 69.2 V. 
Graphical method for the tunneling current component evaluation is called 
Fowler-Nordheim graph. The y-axe shows the current density divided by the square 
of electrical field in A.V-2 units in the logarithmic scale. The x–axe shows the 
reciprocal value of electric field in V.m-1 units in linear scale. The graph indicates 
the tunneling current as a dominant current mechanism for sample KOL2012-05 for 
the low temperatures. For the temperature 12 K the slope of linear dependence is 
7.47 MV/cm.  
3.8. THERMIONIC EMISSION LIMITED CURRENT  
The thermionic emission of charge carriers over the potential barrier is an 
important mechanism for the charge transfer in the semiconductor devices [2, 37, 
46]. The thermionic emission current can be described by Shockley equation:  
)1)(exp(0 −= VII TET β
 
(3.12) 
Where thermionic emission current constant I0  is given by: 





 Φ−=
kT
eARTI Sexp20  (3.13) 
And thermionic emission parameter βTE is given by: 
nkT
e
TE =β  (3.14) 
Where the A is area of electrodes, R je Richardson constant for emission of 
electrons from metal into the insulator layer or semiconductor, T is thermodynamic 
temperature, eΦS is Schottky potential barrier and, k is Boltzmann constant, e is 
elementary charge and n is ideality factor for over-barrier transport. For ideal 
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structure is n = 1, for the Schottky diodes and MIS structures it varies in the range  
1-2 at the rooms temperature.  
Thermionic emission current component is thermally activated and depends 
on the energy barrier height. It is observed in tantalum capacitors in the reverse 
mode only, because the barrier formed between the cathode and Ta2O5 is higher 
than 1 eV and thermal activation over this barrier is negligible even at the room 
temperature [15, 16, 22, 25, 30, 31].   
Thermionic emission current component increases exponentially with the 
applied voltage. In semi-logarithmic scale the thermionic emission current 
component is shown as the straight line. From the linear approximation of measured 
data we can determine the value of thermionic emission current constant I0  from the 
intersection of approximation line with y-axe. From the slope m of linear 
approximation the value of βTE is calculated as: 
e
mem TETE log
log. =→= ββ . (3.15) 
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4. AIMS OF DOCTORAL THESIS 
• Main aim of this thesis is the study of charge transport mechanisms in the 
structures of tantalum capacitors with dielectric layer formed by the tantalum 
pentoxide Ta2O5. I will be concerned on the transport mechanisms which are 
pronounced in the low temperature range 10 to 100 K, and 100 to 250 K, 
respectively. The electric field range for particular transport mechanisms will be 
stated. 
• I will study the influence of cathode material on the transport characteristics. The 
comparison of the charge transport mechanisms for capacitors with conducting 
polymer and manganese dioxide cathode will be performed. 
• I will determine the parameters of Ta capacitor MIS model – namely 
concentration of donor states in the Ta2O5 layer and the height of energy barriers 
formed on the interface Ta2O5/cathode and Ta2O5/anode, respectively, from the 
evaluation of C-V characteristics and the parameters of tunneling current 
components. 
• The application of different materials for the capacitor electrodes – the tantalum 
metal for anode and CP or MnO2 for cathode – leads to the creation of unipolar 
device. The energy barriers formed on the interfaces Ta2O5/anode and 
Ta2O5/cathode vary for the difference between the work function of tantalum and 
work function of cathode material. I will assess the temperature dependence of 
energy barriers height with respect to the electrode material from the evaluation of 
transport mechanisms employed in normal and reverse mode, respectively.  
•  I will estimate the mobility of charge carriers in the capacitor structure for the 
temperatures below 100 K from the evaluation of the space charge limited current 
component.   
5. EXPERIMENTAL SETUP AND MEASURED SAMPLES 
5.1. SAMPLE DESCRIPTION AND SEM ANALYSIS 
The measurements and evaluations were performed for the 2 series of the 
SMD tantalum capacitors with MnO2 cathode denoted as KM2012, CTS2012 and 
one series of the tantalum capacitors with conductive polymer cathode denoted as 
KOL2012. Table 1 summarizes the parameters calculated from measurements. The 
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dielectric thickness is denoted as d, effective area of dielectric layer A, capacity C, 
relative permittivity εr,   evaluated temperature range T.  
Tab. 1. Parameters determined for evaluated series of capacitors 
Measured Mark Unit KOL2012 CTS2012 MK2012 
Cathode type - - CP MnO2 MnO2 
Capacity (low-high) C [µF] 149-154 99-103 98-104 
Dielectric thickness  D [nm] 42 35 45 
Effective area of anode  A [cm2] 271 146 186 
Relative permittivity εr [-] 27 27 27 
Temperature  T [K] 12-250 
SEM analysis was performed for one sample of each series. The main goal of 
the SEM analysis was to calculate the thickness d of Ta2O5 layers. The thickness 
was calculated as a mean value from the measurement in 5 different points within 
each sample. Figure 5.1 show the analyzed sample where the thickness of Ta2O5 
layer and cathode layer is pointed out. The calculated average thickness of Ta2O5 
layer is shown in Tab. 1. 
 
Fig. 5.1 SEM picture for sample KOL2012 for the determination of Ta2O5 and CP layer thickness 
5.2. I-V CHARACTERISTIC AND C-V CHARACTERISTIC MEASUREMENT 
The measurement of I-V characteristics gives the necessary data for analysis 
of transport mechanisms in the sample structures. The experiments were performed 
for temperature range from 12 to 250 K when the samples were placed in helium 
cryostat. The dependences of capacitance on DC bias voltage at different 
temperatures were measured. The same cryostat system as for the I-V characteristics 
measurements was involved in the C-V measurements at the wide temperature range. 
The results were analyzed by the software developed in LabView environment. The 
advantage of the automatized system is the simultaneous measurement of 3 up to 7 
samples inside the cryostat which leads to the important shortening of total time 
required for measurements. 
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6. EXPERIMENTAL RESULTS 
6.1. ANALYSIS OF C-V CHARACTERISTICS  
The capacity measurements were performed on 4 samples from each series. 
C-V characteristics were measured for the temperatures 10 K, 100 K and 300 K for 
series CTS2012 and MK2012, and for temperature 300 K for samples of KOL2012. 
The capacitance of tantalum capacitors is slightly dependent on the DC bias voltage 
in the normal mode while strong dependence on DC bias voltage is observed in the 
reverse mode. DC bias voltage was set in the range -3 V up to 6.3 V and the 
capacitance was measured at the frequency 20 Hz.  
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Fig. 6.1 Measured dependence C vs. voltage and calculated dependence 1/C2 vs. voltage for sample 
CTS2012-03 for temperatures 10 K, 100 K, 300 K 
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Fig. 6.2 Donor concentration ND vs. UD  for sample CTS2012-03 temperatures 10 K, 100 K, 300 K 
(left) and ND vs. UD  for samples MK2012-01, 03 and 04 for temperature 300 K (right) 
C-V characteristics measured at temperatures 10 K, 100 K and 300 K and 
calculated dependence 1/C2 vs. voltage for sample for CTS2012-03 are shown in 
Fig. 6.1. We can see that inverse capacitance value in normal mode increases with 
decreasing temperature, i.e. capacitance value decreases with temperature. 
From these plots the diffuse voltage value UD and the slope of 1/C2 vs. V for 
reverse mode was determined. The donor concentration was calculated from the 
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slope of fitting line. The correlation between the diffuse voltage, donor 
concentration and temperature was found; with decreasing temperature the value of 
both diffusion voltage and the value of the donor concentration increase (see Fig. 6.2 
left).  
The correlation between the diffuse voltage and donor concentration for 
different samples of series MK2012 at temperature 300 K is shown in Fig. 6.2 right.  
We can see that donor concentration increases with increasing diffuse voltage value 
for different samples within this series. All results are discussed further in Chapter 7. 
6.2. ANALYSIS OF I-V MEASUREMENTS 
Measured I-V characteristics were evaluated firstly by fitting with analytical 
function corresponding to considered charge transport mechanism and secondly by 
graphical method suitable for appropriate current component analysis. The 
evaluation of these results was verified by comparison of mentioned methods. For 
each studied series of capacitors 3 samples were measured in the temperature range 
from 12 K up to 250 K.  
I-V characteristics in normal and reverse mode for the sample KOL2012 – 02 
with CP cathode in temperature range from 12 K up to 150 K are shown in Fig. 6.3.  
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Fig. 6.3 I - V characteristics for sample KOL2012 – 02 in the temperature range 12 K to 150 K for the 
normal and reverse mode, left graph shows I-V characteristics for selected temperatures 
6.2.1. ANALYTICAL METHOD FOR DCL COMPONENTS DETERMINATION IN 
NORMAL MODE  
Measured I-V characteristics were evaluated using analytical method in order 
to estimate the contribution of particular charge transport mechanisms to the total 
DCL value at different temperatures. It is supposed, that at temperature below 100 K 
only ohmic and tunneling current components are involved, while at higher 
temperatures the contribution of Poole-Frenkel component must be also taken into 
account. However the contribution of PF current to the DCL was very small even for 
temperatures 100 K and 150 K for the evaluated samples and measure data were 
successfully approximated considering ohmic and tunneling current only.  
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Figure 6.4 shows analytical method for the analysis of data measured for 
samples KOL2012 – 02 for the normal mode for temperature range from 12K up to 
150 K. The fitting equation and the values of constants describing appropriate 
current components are shown in graphs. The evaluation was performed for all 
measured samples. 
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Fig. 6.4 Analytical method for the analysis of data measured for sample KOL2012 - 02 in normal mode 
for temperature range 12 K to 150 K  
6.2.2. ANALYTICAL METHOD FOR DCL COMPONENTS DETERMINATION IN 
REVERSE MODE  
Measured I-V characteristics in reverse mode were evaluated using analytical 
method in order to estimate the contribution of particular charge transport 
mechanisms to the total DCL value at different temperatures. We consider only the 
ohmic and tunneling current components at temperatures below 100 K, while at 
higher temperatures the contribution of thermionic emission limited current 
component must be also taken into account.  
Figures 6.5 shows analytical method for the analysis of data measured for 
samples KOL2012 – 02 for the reverse mode for temperature range from 12K up to 
100 K.  
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Fig. 6.5 Analytical method for the analysis of data measured for sample KOL2012 - 02 in reverse mode 
for temperature range 12 K to 100 K 
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6.2.3. TUNNELING FROM HOMO LEVEL OF CONDUCTING POLYMER 
I-V characteristics in normal mode measured for sample KOL2012 – 03 are 
shown in Fig. 6.6. We can see that the characteristic is n-type with additional current 
component observed in the voltage range 0.5 V to 4 V. This current component 
depends on temperature – the highest value is observed for the temperature between 
40 K and 60 K while about 10times lower value is observed at temperature 150 K. 
Figure 6.7 shows the analysis of I-V curve with respect to the particular current 
components assessment. I consider here the Fowler-Nordheim tunneling component 
pronounced for the voltage above 3.5 V, and the second current component which I 
suppose is the tunneling from HOMO level in CP into the defect bands in the Ta2O5 
layer. It is supposed that with increasing voltage in NM the HOMO level in CP 
coincide with the energy level of defect band in Ta2O5 layer. Then the direct 
tunneling appears in between these two energy levels. With additional voltage 
increase this tunneling component disappears.  
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Fig. 6.6 I-V characteristic for sample KOL2012 – 03 sample in normal mode for temperature from 12 
K up to 150 K in detailed view 
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Fig. 6.7 I-V characteristic in normal mode analysis for sample KOL2012 - 03 for temperature 12 K.  
Blue curve – measured dependence (A), red curve – trap assisted tunneling from HOMO level (B), 
black curve – Fowler-Nordheim tunneling component (C) 
In fact two maxima are observed on the curve characterizing the trap assisted 
tunneling current component – one for the bias voltage about 1.8 V and the second 
for the bias voltage about 3.2 V. The presence of two maxima shows that at least 
two defect bands are present in the Ta2O5 structure.   
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6.2.4. POTENTIAL BARRIER ESTIMATION  
Tunneling current component is dominant electron transport mechanism at 
very low temperature. In this case all temperature dependent processes are not 
involved in charge current transport. From the tunneling current component 
parameter UT obtained by fitting experimental I-V curves the potential barrier height 
can be calculated. Results for the tantalum capacitors with both MnO2 and CP 
cathode are shown in following chapter. From the I-V characteristics in normal 
mode I receive the values for estimation of potential barrier on the Ta2O5 – cathode 
interface while from the I-V characteristics in the reverse mode the value of potential 
barrier on Ta – Ta2O5 interface is obtained. Tunneling current component is further 
characterized by the tunneling barrier transparency GT which is determined directly 
from the I-V characteristic fit. 
6.2.4.1. POTENTIAL BARRIER BETWEEN Ta2O5 AND CATHODE 
The temperature dependence of potential barrier energy calculated from 
equation 3.9 from UT values determine from analytical evaluation of  
I-V characteristics and dependences of the tunneling barrier transparency on the 
temperature for samples KOL2012 and CTS2012 are shown in Figs. 6.8 and 6.9.   
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Fig. 6.8 Tunneling barrier transparency vs. temperature (left) and Energy of tunneling barrier vs. 
temperature (right) for series KOL2012 in NM in the temperature range from 12 K up to 150 K 
We can see that barrier transparency increases with decreasing temperature in 
the range 150 to 50 K and stabilizes in the low temperature range for samples 
KOL2012 with CP cathode. Different behavior is observed for samples with MnO2 
cathode. Here the tunneling barrier transparency exhibit maximum for the 
temperature about 50 K, while the value strongly decreases with decreasing 
temperature in the range 20 to 12 K. 
The tunneling barrier energy increases for about 0.3 eV with decreasing 
temperature in the range 150 to about 50 K. This increase can be induced by the 
shift of Fermi level with temperature – with decreasing temperature the Fermi level 
moves close to the defect band energy level, while at the room temperature it is 
placed approximately in the middle between the defect band and the conduction 
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band in Ta2O5. The tunneling barrier energy value is constant for the temperatures 
below 50 K for samples with CP cathode while strongly decrease with temperature 
20 and 12 K. The tunneling barrier energy value decrease is improbably in this 
temperature range – this tunneling barrier energy value decrease can be caused by 
the change of value of electron effective mass. Considered value 0.1me is probably 
not valid in extra low temperature range for samples with MnO2 cathode. 
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Fig. 6.9 Tunneling barrier transparency vs. temperature (left) and Energy of tunneling barrier vs. 
temperature (right) for series CTS2012 in NM in the temperature range from 12 K up to 150 K 
6.2.4.2. POTENTIAL BARRIER BETWEEN ANODE AND Ta2O5 
Figures 6.10 (left) and 6.11 (left) show the dependences of the tunneling barrier 
transparency on the temperatures for samples of series KOL2012 and CTS2012. We 
can see that barrier transparency increases with decreasing temperature in the range 
100 to 12 K for samples KOL2012 and MK2012. Different behavior is observed for 
samples with CTS2012. Here the tunneling barrier transparency show high value for 
the temperature 100 K, then the value drops down and in the temperature range 70 K 
to 12 K it increases with decreasing temperature.  
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Fig. 6.10 Tunneling barrier transparency vs. temperature (left) and Energy of tunneling barrier 
vs. temperature (right) for the series KOL2012 in RM in the temperature range 12 K to 100 K 
The dependences of calculated tunneling barrier energy on temperature are shown 
in Figures 6.10 (right) and 6.11 (right) for samples of series KOL2012 and CTS2012 
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respectively. The tunneling barrier energy increases for about 0.3 eV with 
decreasing temperature in the range 100 to 12 K for samples of series KOL2012 and 
MK2012. The tunneling barrier energy increases for about 0.1 eV with decreasing 
temperature in the range 70 to 12 K for samples of series CTS2012. This increase 
can be induced by the shift of Fermi level with temperature.  
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Fig. 6.11 Tunneling barrier transparency vs. temperature (left) and Energy of tunneling barrier 
vs. temperature (right) for the series CTS2012 in RM in the temperature range 12 K to 100 K  
6.2.5. GRAPHICAL ANALYSIS OF THE OHMIC CURRENT COMPONENT  
Graphical analysis of ohmic current component was performed for samples of 
all series. Figure 6.12  (left) shows the dependences of current density on the electric 
field for the sample KOL2012–05 for different temperatures. We can see that the 
conductance of increases with temperature and varies in the range 10-15 to 10-14 Sm-1. 
These dependences in logarithmic scale are shown in Fig. 6.12 (right). From the 
dependences in logarithmic scale the electric field range, where the ohmic 
component is dominant, can be determined. This component is dominant up to the 
electric field 0.05 MV.cm-1 for sample of series KOL2012, and up to the electric 
field 0.08 MV.cm-1 for samples of series CTS2012 and MK2012. 
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Fig. 6.12 a) J vs. E characteristic for sample KOL2012 - 05 for temperature 12 K, 60 K and 100 
K for the normal mode, b) J vs. E characteristic in logarithmic scale for sample KOL2012 - 05 for 
temperature 12 K and 80 K for the normal mode  
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6.2.6. GRAPHICAL ANALYSIS OF THE PF CURRENT COMPONENT  
The evaluation of experimentally obtained data by Poole-Frenkel plot is 
shown in Fig. 3.5 for sample KOL2012-05 for temperature 150 K. PF current 
component is observed in the range 0.1 to 0.6 MVcm-1. Here the slope of linear 
approximation is determined as 4.42 MV-0.5cm0.5 and from this the Poole-Frenkel 
coefficient value is calculated as βPF = 4.78 V-0.5. That is close to the theoretical 
value βPF = 5.50 V-0.5 for temperature 150 K. Theoretical values of Poole-Frenkel 
coefficient for different temperatures, theoretical values of the slope of linear 
approximation in PF plot mPF(theory) and experimentally obtained values the slope of 
linear approximation mPF(measured) are shown in Table 2. We can see that only the 
experimental value for 150 K is comparable with the theoretical one. For lower 
temperature this current component is negligible for all samples of KOL2012 series. 
The PF current component is negligible for all samples of series CTS2012 and 
MK2012 in the whole studied temperature range (see Fig. 6.13 where the evaluation 
for sample CTS2012-01 at temperature 150 K is given). 
Tab. 2. Theoretical values of Poole-Frenkel coefficient for different temperatures, theoretical values of the slope of linear approximation in PF plot mPF(theory) and experimentally obtained values the slope of linear approximation mPF(measured) in normal mode for sample KOL2012 – 05 
T [K] 12 20 30 40 60 80 100 150 
mPF(measured) [MV-
0.5cm0.5] 
2.44 1.96 2.14 2.06 1.65 1.58 2.42 4.42 
mPF(theory) [MV-0.5cm0.5] 61.26 36.76 24.51 18.39 12.25 9.19 7.35 4.90 
βPF (teory) [V-0.5] 68.85 41.31 27.54 20.65 13.80 10.33 8.26 5.51 
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Fig. 6.13 Poole-Frenkel plot for the sample CTS2012 - 01 for the temperature 150 K  
6.2.7. GRAPHICAL ANALYSIS OF THE FOWLER-NORDHEIM TUNNELING IN NM  
The tunneling current component is possible to determine by graphical 
method with Fowler-Nordheim graph. The slope of linear approximation of 
measured data for high electric field range is determined from Fowler Nordheim 
graph.  From the slope m the value of tunneling parameter ET could be calculated.  
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Figure 6.14 shows the Fowler-Nordheim graph in normal mode for the sample 
KOL2012-03 for the temperatures 12 K, 60 K and 100 K, respectively. Linear 
approximation is performed for the measured data for the electric field above  
0.9 MVcm-1. Absolute value of the slope of linear approximation decreases with 
increasing temperature and varies in the range 8.152 MVcm-1 to 5.569 MVcm-1. The 
values of tunneling parameter ET are discussed further in Chapter 7 for all evaluated 
series.  
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Fig. 6.14 Fowler-Nordheim plot in normal mode for the sample KOL2012 – 03 for the 
temperatures 12 K, 60 K and 100 K  
6.2.8. GRAPHICAL ANALYSIS OF THE FOWLER-NORDHEIM TUNNELING IN RM  
Figure 6.15 shows the Fowler-Nordheim graph in reverse mode for the sample 
KOL2012-03 for the temperatures 12 K, 60 K and 80 K, respectively. Linear 
approximation is performed for the measured data for the electric field above 0.65 
MVcm-1. Absolute value of the slope of linear approximation decreases with 
increasing temperature and varies in the range 4.798 MVcm-1 to 2.068 MVcm-1. 
From the slope m the value of tunneling parameter ET is calculated. The values of 
tunneling parameter ET are discussed further in Chapter 7 for all evaluated series. 
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Fig. 6.15 Fowler-Nordheim plot in reverse mode for the sample KOL2012 – 03 for the 
temperatures 12 K, 60 K and 80 K  
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6.2.9. THERMIONIC EMISSION LIMITED CURRENT  
Thermionic emission current component increases exponentially with the 
applied voltage. Then the in the semi-logarithmic scale the thermionic emission 
current component is shown as the straight line. From the linear approximation of 
measured data we can determine the value of thermionic emission current constant 
I0 from the intersection of approximation line with y-axe and from the slope of line 
m the value of thermionic emission parameter βTE can be calculated according to  
Eq. 3.15. Figure 6.16 shows the evaluation of I-V characteristic for sample 
KOL2012-02 for the temperatures 100 K, 150 K and 200 K, respectively.  
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Fig. 6.16 I-V characteristic in reverse mode in semi-logarithmic scale with linear approximation 
for the thermionic emission current component analysis for sample KOL2012 – 02 for 
temperatures 100 K, 150 K and 200 K 
Values of the slope m of linear approximation, calculated values of βTE (from 
Eq. 3.27) and the ideality factor for thermionic emission current determined from 
βTE (see Eq. 3.15) for sample KOL2012-02 for temperatures 100 K, 150 K and 200 
K are shown in Tab. 5. 
Tab. 3. Values of m, βTE and ideality factor n calculated for sample KOL2012 – 02 for temperatures 100 K, 150 K and 200 K 
Temperature [K] m [V-1] βTE [V-1] n [-] 
200 11.4 26.24 2.21 
150 7.54 17.36 4.45 
100 4.1 9.44 12.2 
I have determined that ideality factor value is in the range 2 to 3 at 
temperature 200 K for all the samples which is close to the theoretical value 
published for Schottky diodes and MIS structures [37, 46].  The ideality factor value 
strongly increases with decreasing temperature. This high value of ideality factor 
can be caused by the considerable contribution of tunneling current component to 
the total current. 
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6.2.10. SPACE CHARGE LIMITED CURRENT 
Space charge limited current component was observed for several samples of 
KOL 2012 series in both normal and reverse mode voltage bias. Moreover the trap-
charge-limited current was observed at low bias voltage in normal mode.  
Current density J dependence on the electric field E in logarithmic scale for 
sample KOL2012-03 in reverse mode for temperature 12 K is shown in Fig. 6.17. 
We can see that measured data for temperature 12 K fit to the quadratic 
approximation in the electric field range from 0.02 to 0.3 MVcm-1(Fig. 6.17). This 
corresponds to the space charge limited current when current density increases 
toward the square law [36, 37]. Space charge limited current component became 
negligible when increasing the temperature above 20 K for this sample in reverse 
mode.  
Figures 6.18 show the log J vs. log E dependence in NM for sample 
KOL2012-05 for temperatures 12 K and 60 K, respectively. We can see that 
measured data for temperature 12 K fit to the quadratic approximation in the electric 
field range from 0.03 to 0.8 MVcm-1. This corresponds to the space charge limited 
current component.  For electric field above 0.9 MVcm-1 the Fowler-Nordheim 
tunneling current component is dominant.  
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Fig. 6.17 Current density (log J) vs. electric field (log E) for sample KOL2012 – 03 for reverse 
mode at temperatures 12 K  
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Fig. 6.18 Current density (log J) vs. electric field (log E) for sample KOL2012 – 05 in normal 
mode at temperature 12 K and 60 K 
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The dependence log J vs. log E for temperature 60 K shows that for lower 
electric field in the range 0.04 to 0.3 MVcm-1 the charge transport is governed by the 
trap-charge-limited current (the slope in log-log graph is m = 3).  For higher electric 
field in the range 0.3 to 0.8 MVcm-1 the trapping sites are already filled and all 
additionally injected carriers contribute to the space-charge-limited current (the 
slope in log-log graph is m = 2). From the values of current density JSC1 obtained 
from the intersection of quadratic approximation with the line E = 1 MVcm-1 we can 
calculate the mobility of charge carriers. Table 4 shows the calculated values of 
charge carriers’ mobility for sample KOL2012–03 for reverse mode at temperatures 
12 K, and for sample KOL2012–05 for normal mode at temperatures 12 K, 20 K,  
30 K and 60 K.  
Tab. 4. Mobility of charge carriers µ for sample KOL2012 – 03 for reverse mode at temperatures 12 K and for sample KOL2012 – 05 for normal mode at different temperatures  
Sample No. Temperature [K] Mode JSC1 [Acm-2] µ [m2V-1s-1] 
KOL2012–03 12 reverse 2.32E-08 4.59E-06 
KOL2012–05 12 normal 2.15E-09 4.25E-07 
KOL2012–05 20 normal 5.40E-09 1.07E-06 
KOL2012–05 30 normal 8.40E-09 1.66E-06 
KOL2012–05 60 normal 1.17E-08 2.31E-06 
For samples of MK2012 series the SCHLC component was not observed. For 
sample CTS2012-04 the space charge limited current is observed in the electric field 
0.5 to 2.0 MVcm-1 for T = 250 K. The value of mobility of charge carriers is  
3.8x10-8 m2V-1s-1 (determined for sample CTS2012-04 for T = 250 K for determined 
value JSC1 = 2.3 Acm-2).  
7. DISCUSSION 
The correlation between diffuse voltage and donor concentration for all 
evaluated samples is shown in Fig. 7.1 for temperature 300 K. We can see that the 
lowest diffuse voltage value is observed for samples of KOL2012 series. This is in 
agreement with the assumption that potential barrier formed on the Ta2O5 – cathode 
interface is lower comparing to the potential barrier in capacitors with MnO2 
cathode.  The highest value of UD is determined for samples of MK2012 series. I-V 
characteristics show that the leakage current value is lowest for MK2012 series. 
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Fig. 7.1  Donor concentration ND vs. diffuse voltage UD for all series and selected samples for 
temperature 300 K  
Donor concentration is in the range 1.6x1018 cm-3 to 2.3x1018 cm-3 for all 
measured samples while the lowest donor concentration was observed for sample of 
series MK2012. The lowest donor concentration and highest value of diffuse voltage 
determined for series MK2012 is in agreement with assumption that the tantalum 
pentoxide prepared with lower concentration of oxygen vacancies exhibit lower 
value of electron affinity and higher barriers on the Ta2O5/anode and Ta2O5/cathode 
interfaces. 
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Fig. 7.2  Donor concentration for different temperatures for samples CTS2012–01, CTS2012–03, and 
CTS2012–05 
Figure 7.2 shows the calculated values of donor concentration for the samples 
of CTS2012 series for different temperatures. We can conclude that with decreasing 
temperature the effective concentration of donors in Ta2O5 layer increases.  
 28 
1.5
2.0
2.5
3.0
3.5
4.0
05
05
03
03
01
01
03 05
10K100K300K
CTS2012
Cathode MnO2
01
T [K]
U D
 [V
]
 
Fig. 7.3  Diffuse voltage UD vs. different temperatures for series CTS2012 
Figure 7.3 show the determined values of diffuse voltage for the samples of 
CTS2012 series for different temperatures. Diffuse voltage value increases with 
decreasing temperature reaching value about 3.5 V for temperature 10 K. Diffuse 
voltage value corresponds to the potential barrier formed on the interface between 
cathode and tantalum pentoxide. This barrier was published to be in the range from 
1.8 – 2.4 eV for capacitors with MnO2 cathode [13 – 16]. This value is in agreement 
with our results measured for temperatures 300 to 100 K while the value determined 
for 10 K is about 1 V higher.  
The measurements of I-V characteristics were performed in the temperature 
range 12 K to 250 K. The results on tantalum capacitors with CP cathode show that 
DCL decreases with decreasing temperature both in normal and reverse modes. The 
results measured for the samples with MnO2 cathode, both from series CTS2012 and 
MK2012 show, that the leakage current value increases with decreasing temperature 
for voltage bias in normal mode, while the reverse bias the DCL decreases with 
decreasing temperature. 
Both analytical and graphical methods were used for the I-V characteristics 
evaluation. From both methods it follows that ohmic and tunneling current 
components are dominant in the temperature range below 100 K. For samples 
KOL2012 with CP cathode also additional current components, tunneling from 
HOMO level and space charge limited current, respectively, were observed in this 
temperature range; however they are pronounced only in the electric field range 
approx. 0.05 to 0.8 MVcm-1 in normal mode and 0.02 to 0.3 MVcm-1 in reverse 
mode, respectively.    
Tunneling current parameter UT and tunneling current density parameter ET 
were determined from analytical and graphical evaluation of measured I-V 
characteristics. These parameters are summarized in Figs. 7.4 and 7.5 for normal 
mode characteristics and in Figs. 7.7 and 7.8 for reverse mode characteristics. From 
equations 3.9 and 3.11 it follows, that the relation between UT and ET is given as  
UT = d.ET, where d is the thickness of Ta2O5 layer. 
Figure 7.4 shows the temperature dependence of parameters UT determined 
from analytical evaluation of I-V characteristics in normal mode. We can see that UT 
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value increases with decreasing temperature in the whole studied temperature range 
for samples of series KOL2012 with CP cathode. For the samples of series CTS2012 
and MK2012 with MnO2 cathode UT value increases with decreasing temperature in 
the range 150 to 60 K. With further temperature decrease UT value slightly 
decreases and UT value fall down in between temperatures 20 to 12 K.    
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Fig. 7.4   UT tunneling parameter vs. temperature from the analytical method in normal mode for the 
temperature range from 12 K up to 150 K in normal mode 
0
10
20
30
40
50
60
0 50 100 150 200 250
MK03
MK02
MK01
CTS04
CTS01
KOL05
KOL03
KOL02
Graphical method
Normal mode
T [K]
E T
 [M
V.
cm
-1
]
 
10
60
110
160
210
260
0 50 100 150 200 250
MK03
MK02
MK01
CTS04
CTS01
KOL05
KOL03
KOL02
Graphical method for UT
Normal mode
T [K]
U T
 [V
]
 
Fig. 7.5   ET and UT tunneling parameters vs. temperature from the graphical method in normal mode 
for the temperature range from 12 K up to 150 K in normal mode 
Identical shape of characteristics ET vs. T and UT vs. T was determined from 
graphical evaluation of I-V characteristics (see Fig. 7.5) both for capacitors with CP 
and MnO2 cathode. From ET and UT values we can calculate from equations 3.9 and 
3.11, respectively, the height of energy barrier formed on cathode/Ta2O5 interface. 
The calculations were performed considering constant value of electron effective 
mass m*= 0.1 m0, where m0 = 9.1 × 10-31 kg is the electron rest mass, and constant 
value of Ta2O5 layer thickness given in Tab. 1.  
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Fig. 7.6  Potential barrier height from the analytical method (left) and graphical method (right), 
dependence of the potential barrier on the cathode side vs. temperature from 12 K up to 150 K for all samples 
of evaluated series 
The dependences of calculated height of energy barrier formed on 
cathode/Ta2O5 interface on the temperature are shown in Fig. 7.6 for all evaluated 
capacitor series. Energy barrier height determined for the temperature 150 K is about 
0.4 – 0.7 eV for KOL2012 series, about 1.5 eV for CTS2012 series, and 1.5 to 1.9 
eV for MK2012 series. The results determined for capacitors with MnO2 cathode are 
comparable to those obtained from 1/C2 vs. V characteristics evaluation. Energy 
barrier height determined for capacitors with CP cathode is for about 0.5 eV lower 
comparing to results obtained from 1/C2 vs. V characteristics. Considering the 
difference between the MnO2 and CP work functions, which is 0.6 eV, this should 
represent the approximate difference between the energy barriers formed on CP 
resp. MnO2/Ta2O5 interface. Then we should expect energy barrier height about 0.9 
to 1.3 eV for KOL2012 series. Lower energy barrier determined for electron 
tunneling for capacitors with CP cathode can be caused by the incorporating of the 
deep donor levels or interface states into the tunneling process.  
Energy barrier height on cathode/Ta2O5 interface for capacitors with both CP 
and MnO2 cathode increases with decreasing temperature in the range 150 to 50 K 
for about 0.3 eV. This increase can be induced by the shift of Fermi level with 
temperature – with decreasing temperature the Fermi level moves close to the defect 
band energy level, while at the room temperature it is placed approximately in the 
middle between the defect band and the conduction band in Ta2O5 (see Fig. 7.13). 
Calculated decrease of energy barrier height value for the temperatures below 
20 K can be caused either by the decrease of effective thickness of barrier for 
electron tunneling due to band-bending (see Fig. 7.13) or by the change of value of 
electron effective mass. Considered value m*= 0.1 m0 is probably not valid in the 
extra low temperature range for samples with MnO2 cathode. 
 31 
020
40
60
80
0 100 200
MK03
MK02
MK01
CTS04
CTS01
KOL05
KOL03
KOL02
Analytical method
Reverse mode
T [K]
U T
 [V
]
 
Fig. 7.7 UT tunneling parameter vs. temperature from the analytical method in reverse mode for the 
temperature range from 12 K up to 150 K  
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Fig. 7.8 ET and UT tunneling parameters vs. temperature from the graphical method in reverse mode for 
the temperature range from 12 K up to 150 K  
Figure 7.7 shows the temperature dependence of parameters UT determined 
from analytical evaluation of I-V characteristics in reverse mode. We can see that UT 
value decreases with increasing temperature in the temperature range 12 to 100 K 
for samples of series KOL2012 with CP cathode and in the range 12 to 60 K for 
samples with MnO2 cathode, respectively. Then determined UT value strongly 
increases with increasing temperature for all capacitor series. 
Temperature dependence of ET and UT determined from graphical evaluation 
of I-V characteristics in reverse mode is shown in Fig. 7.8 both for capacitors with 
CP and MnO2 cathode. Here the values of both parameters decreases with increasing 
temperature in the whole temperature range 12 to 150 K for all capacitors of studied 
series. 
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Fig. 7.9  Comparison of the potential barrier height on the anode side from the analytical method and 
graphical method, dependence of the potential barrier vs. temperature from 12 K up to 150 K for samples of 
series KOL2012 (left) and series CTS2012 (right) 
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0 50 100 150 200 250
MK03 A
MK02 A
MK01 A
MK03
MK02
MK01
Graphical method
Reverse mode
T [K]
eφ
c[e
V]
 
Fig. 7.10 Comparison of the potential barrier height on the anode side from the analytical method and 
graphical method, dependence of the potential barrier vs. temperature from 12 K up to 150 K for samples of 
series MK2012 
The dependences of calculated height of energy barrier formed on 
anode/Ta2O5 interface on the temperature determined from both analytical and 
graphical method are shown in Figs. 7.9 and 7.10 for all evaluated capacitor series. 
We can see that the results from both methods are comparable in the temperature 
range 12 to 100 K for all samples of KOL2012 series and sample CTS2012-01, and 
in the temperature range 12 to 60 K for sample CTS2012-04 and all samples of 
MK2012 series. Here the energy barrier height decreases with increasing 
temperature for 0.2 to 0.3 eV. This increase can be induced by the shift of Fermi 
level with temperature – with decreasing temperature the Fermi level moves close to 
the defect band energy level, while at the room temperature it is placed 
approximately in the middle between the defect band and the conduction band in 
Ta2O5 (see Fig. 7.13). This process is the same as on the Ta2O5/cathode interface. 
The calculated increase of barrier height indicated from analytical method in the 
temperature range 100 to 200 K can be caused by neglecting additional current 
components in the I-V characteristic fitting. 
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a)  b)   
      
 c)  
Fig. 7.13 Change of energy band structure in the MIS model for tantalum capacitor: a) triangular 
potential barrier for Fowler-Nordheim tunneling; b) decrease of potential barrier width for electron tunneling 
due to the band-bending; c) increase of potential barrier height due to the shift of Fermi level with temperature 
– Fermi level draw closer to the donor energy band 
Figure 7.13 shows the changes of energy band structure in the MIS model of 
tantalum capacitor. Here the width of triangular type energy barrier for electron 
tunneling (a) can be reduced due to the band-bending (b) which can lead to the 
increase of tunneling current. The probability of charge excitation from the donor 
level decreases with decreasing temperature, which has and impact on the decrease 
of ionized donor states (ionized donors are highlighted by yellow color in the 
drawing). The decrease of temperature induces the shift of Fermi level – with 
decreasing temperature the Fermi level moves close to the defect band energy level 
(c) which leads to the increase of potential barrier on both M-I and I-S interfaces 
(here ∆φA is barrier height increase on the anode side and ∆φc is barrier height 
increase on the cathode side, respectively).  
8. CONCLUSION  
The charge transport mechanisms pronounced in tantalum capacitors, with 
both conductive polymer and manganese dioxide cathode in normal and reverse 
mode, respectively, are summarized in Tabs. 5 and 6. Here Ohmic denotes ohmic 
current component, PF is Poole-Frenkel current component, SCHLC is space-charge 
limited current, T-HOMO is tunneling current from HOMO level of conducting 
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polymer into the defect bands in the Ta2O5 layer, Tunnel is Fowler Nordheim 
tunneling current through the triangular potential barrier. The electric field range, 
where appropriate transport mechanism is dominant, is determined for each current 
mechanism for both normal and reverse mode voltage bias. We can see that electric 
field range for ohmic and tunneling current component, respectively, is not the same 
for normal and reverse mode. That is influenced by the band-diagram asymmetry, 
where the barrier on the anode-Ta2O5 interface is significantly lower than the barrier 
on the cathode-Ta2O5 interface. Then the electron tunneling is observed for lower 
electric field in the reverse mode. 
Tab. 5. Charge transport mechanisms in normal mode 
Normal mode 
Current components: Ohmic 
[MVcm-1] 
PF  
[MVcm-1] 
SCHLC  
[MVcm-1] 
T-HOMO 
[MVcm-1] 
Tunnel 
[MVcm-1] Sample Temperature 
KOL2012 
12 – 100 K <0.05 - 0.02-0.3 0.1-0.9 >0.9 
100 – 250 K <0.05 0.1-0.6 - - >0.9 
CTS2012 
12 – 100 K <0.08 - - - >2.5 
100 – 250 K <0.08 - 0.5-2 
(250 K only) 
- >2.5 
MK2012 12 – 100 K <0.08 - - - >2.1 100 – 250 K <0.08 - - - >2.1 
 
Tab. 6. Charge transport mechanisms in reverse mode 
Reverse mode 
Current components: Ohmic 
[MV.cm-1] 
TELC 
[MV.cm-1] 
SCHLC  
[MV.cm-1] 
Tunnel 
[MV.cm-1] Sample Temperature 
KOL2012 12 – 100 K <0.02 - 
0.02-0.3  
(12 K only) >0.65 
100 – 250 K <0.08 0.2 – 0.5 - >0.65 
CTS2012 12 – 100 K <0.1  - >0.75 100 – 250 K <0.1 0.3 – 0.6 - >0.75 
MK2012 12 – 100 K <0.1 - - >0.75 100 – 250 K <0.1 0.25-0.5 - >0.75 
Space-charge limited current and tunneling current from HOMO level of 
conducting polymer into the defect bands in the Ta2O5 layer are the components 
pronounced in the certain temperature range only. In studied samples the tunneling 
current from HOMO level was observed only on capacitors with CP cathode, while 
space-charge limited current is not limited to this cathode material. SCHLC was 
observed in the temperature range 12 to 80 K for samples with CP cathode and for 
temperature 250 K for sample with MnO2 cathode of CTS2012 series.  
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The thermionic emission limited current is pronounced in the reverse mode 
for samples with both cathode types for the temperatures above 100 K. Calculated 
value of ideality factor is in the range 2 to 3 at temperature 200 K for all the samples 
which is close to the theoretical value published for Schottky diodes and MIS 
structures. The ideality factor value strongly increases with decreasing temperature, 
it is in the range 4.2 to 4.7 for temperature 150 K, and increases up to 12.2 -19 for 
the temperature 100 K. This high value of ideality factor can be caused by the 
considerable contribution of tunneling current component to the total current. Then I 
can conclude that TELC component should be considered for the temperatures 
above 150 K, while for lower temperatures it can be neglected. 
The cathode material influences the transport characteristics in the normal 
mode only. We can see (Tab. 13) that the tunneling current is dominant for electric 
field above 0.9 MV.cm-1 for structures with CP cathode, while for electric field 
above 2.1 MV.cm-1 or 2.5 MV.cm-1, respectively, for structures with MnO2 cathode. 
This effect is influenced by higher value of energy barrier on the cathode-Ta2O5 
interface. The conductance of all evaluated samples increases with temperature and 
it varies in the range 10-15 to 10-14 Sm-1 however the values determined for samples 
with CP cathode are 2 to 4 times higher than for samples with MnO2 cathode. The 
concentration of donor states in tantalum pentoxide layer is about 2x10-18 cm-3 for all 
evaluated series, so the difference in ohmic conductivity in normal mode should be 
influenced by the cathode material. The influence of cathode on the reverse mode 
characteristics is negligible. The differences in electric field range for ohmic current 
and tunneling current components in reverse mode are more probably dependent on 
the differences in electron affinity of Ta2O5 layer among different series.  
Diffuse voltage determined from the CV characteristics at the room 
temperature is in the range 1.3 to 1.4 V for capacitors with CP cathode, while it is in 
the range 1.7 to 1.9 V for capacitors with MnO2 cathode. Potential barrier formed on 
the Ta2O5 – CP interface is lower comparing to the potential barrier in capacitors 
with MnO2 cathode for about 0.6 eV. 
Donor concentration is in the range 1.6x1018 cm-3 to 2.3x1018 cm-3 for all 
measured samples at the room temperature. The lowest donor concentration and 
highest value of diffuse voltage determined for series MK2012 is in agreement with 
assumption that the tantalum pentoxide prepared with lower concentration of oxygen 
vacancies exhibit lower value of electron affinity and higher barriers on the 
Ta2O5/anode and Ta2O5/cathode interfaces. 
From the evaluation of series CTS2012 in the wide temperature range it 
follows, that the effective concentration of donors in Ta2O5 layer increases with 
decreasing temperature for about 40% and the diffuse voltage value increases from 
the value 1.6 V at 300 K with decreasing temperature reaching value about 3.5 V for 
temperature 10 K. The diffuse voltage value is in agreement with potential barrier 
heights measured for temperatures 300 to 100 K [13-16] while the value determined 
for 10 K is for about 1 V higher. 
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Energy barrier height determined from tunneling current component for the 
interface cathode-Ta2O5 for the temperature 150 K is about 0.4 – 0.7 eV for 
KOL2012 series, about 1.5 eV for CTS2012 series, and 1.5 to 1.9 eV for MK2012 
series. The results determined for capacitors with MnO2 cathode are comparable to 
those obtained from 1/C2 vs. V characteristics evaluation. Energy barrier height 
determined for capacitors with CP cathode is for about 0.5 eV lower comparing to 
results obtained from 1/C2 vs. V characteristics evaluation. Considering the 
difference between the MnO2 and CP work functions, which is 0.6 eV, this should 
represent the approximate difference between the energy barriers formed on CP 
resp. MnO2/Ta2O5 interface. Then we should expect energy barrier height about 0.9 
to 1.3 eV for KOL2012 series. Lower energy barrier determined for electron 
tunneling for capacitors with CP cathode can be caused by the incorporating of the 
deep donor levels or interface states into the tunneling process. 
Energy barrier height determined from tunneling current component 
(graphical evaluation) for the interface anode-Ta2O5 for the temperature 150 K is in 
the range 0.25 to 0.4 eV for all evaluated series. The value increases with decreasing 
temperature for about 0.3 eV in the range 150 to 12 K. The results determined from 
analytical method are in agreement with those from graphical evaluation of Fowler-
Nordheim plot in the temperature range 12 to 60 K. For higher temperatures the 
increase of potential barrier is indicated form the analytical evaluation of tunneling 
current component. The calculated increase of barrier height indicated from 
analytical method in the temperature range 100 to 200 K can be caused by 
neglecting additional current components (e.g. thermionic emission limited current) 
in the I-V characteristic fitting. However further study of transport characteristics in 
the temperature range 100 to 300 K should be done. 
The comparison of temperature dependences of energy barrier height for the 
interface anode-Ta2O5 and cathode-Ta2O5 shows that both characteristics increase 
with decreasing temperature in the range 150 to 20 K for about 0.3 eV. This increase 
can be induced by the shift of Fermi level with temperature – with decreasing 
temperature the Fermi level moves close to the defect band energy level, while at the 
room temperature it is placed approximately in the middle between the defect band 
and the conduction band in Ta2O5. Calculated decrease of cathode-Ta2O5 energy 
barrier height value for samples with MnO2 cathode for the temperatures below 20 
K can be caused either by the decrease of effective thickness of barrier for electron 
tunneling due to band-bending or by the change of the value of electron effective 
mass. Considered value m*= 0.1 m0 is probably not valid in the extra low 
temperature range for samples with MnO2 cathode. 
I have determined the mobility of charge carriers in the capacitor structure 
from the evolution of space charge limited current component. The mobility is  
µ = 4.25x10-7 m2V-1s-1 in the reverse mode while in normal mode is mobility  
µ = 4.59x10-6 m2V-1s-1. The value of mobility of charge carriers differs in normal 
and reverse mode. The mobility of charge carriers for normal mode increases with 
temperature in the range 12 to 60 K. In this temperature range mobility increases 
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with T3/2 in silicon, cadmium telluride and the other semiconductors. Very low value 
of mobility was determined for sample CTS2012-04 µ = 3.8x10-8 m2V-1s-1 which is 
about for two orders of magnitude lower than for the other samples. 
I have determined basic parameters of charge carrier transport in Ta2O5 oxide 
nanolayers and at interfaces with cathode and anode, respectively, which can be 
used to improve technology of tantalum capacitors production. 
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ABSTRAKT 
Studium transportu náboje v Ta2O5 oxidových nanovrstvách se zaměřuje na 
objasnění vlivu defektů na vodivost těchto vrstev a na identifikaci transportních 
mechanismů projevujících se při nízkých teplotách. Soustředím se na studium 
oxidových nanovrstev Ta2O5 vytvořených pomocí anodické oxidace. Vrstva oxidu 
Ta2O5 o tloušťce 20 až 200 nm se často používá jako dielektrikum pro tantalové 
kondenzátory. Kondenzátory lze modelovat jako strukturu MIS (kov – izolant – 
polovodič). Anodu tvoří tantal s kovovou vodivostí, katodu potom MnO2 či vodivý 
polymer (CP), které jsou polovodiče. Hodnoty elektronových afinit, respektive 
výstupních prací, jednotlivých materiálů potom určují výšku potenciálových bariér 
vytvořených na rozhraních kov-izolant (M–I) a izolant-polovodič (I–S). 
Mechanizmy transportu náboje lze určit analýzou I-V charakteristiky zbytkového 
proudu. Dominantní mechanizmy transportu náboje izolační vrstvou při pokojové 
teplotě jsou ohmický, Poole-Frenkelův a tunelování při zapojení kondenzátoru v 
normálním modu (kladné napětí je připojeno na anodě) a ohmický mechanismus a 
termoemise přes Schottkyho barieru při zapojení v reversním modu (kladné napětí je 
připojeno na katodě). Uplatnění jednotlivých vodivostních mechanizmů je závislé na 
teplotě a intenzitě elektrického pole v izolantu. Zbytkový proud závisí na technologii 
výroby kondenzátoru, významně především na parametrech anodické oxidace a na 
materiálu katody. I-V charakteristiky zbytkového proudu se měří v normálním a 
reversním módu. I-V charakteristika je výrazně nesymetrická, avšak nesymetrie se 
snižuje s klesající teplotou, při teplotě pod 50 K a je možno některé kondenzátory 
používat jako bipolární součástky. Z analýzy I-V charakteristik v rozsahu teplot  
12 – 250 K jsem určil dominantní mechanismy transportu náboje v Ta2O5 vrstvách. 
Při teplotách v rozsahu 12 -100 K se uplatňují ohmický a tunelový proud, a to jak 
v normálním, tak v reversním modu. Vedle těchto dvou mechanismů, jež se 
projevují u všech měřených vzorků, jsem v tomto teplotním rozsahu sledoval u 
vzorků s katodou z CP ještě tunelování z HOMO hladiny ve vodivém polymeru do 
pásu defektů v isolantu a transport omezený prostorovým nábojem (SCHLC). 
V teplotním rozsahu 100 až 250 K se začíná vedle ohmického a tunelového proudu 
uplatňovat i Poole-Frenkelův mechanismus vedení náboje (v normálním modu) a 
termoemise (v reversím modu). U jednoho vzorku s MnO2 katodou byl sledován i 
SCHLC. Z parametrů tunelových proudů jsem určil parametry MIS modelu 
kondenzátoru - hodnotu potenciálových bariér na rozhraních M – I a I – S a také 
závislost výšky těchto bariér na teplotě. Ze složky SCHLC jsem vypočítal 
pohyblivost nosičů náboje ve vrstvách Ta2O5. Měření C-V charakteristik při různých 
teplotách v rozsahu 12 až 300 K je využito pro určení výšky potenciálové bariéry na 
rozhraní I – S, pro určení závislosti kapacity na teplotě, určení efektivní koncentrace 
defektů v izolační Ta2O5 vrstvě a dále pro výpočet efektivní plochy elektrod. 
Z výbrusu vzorků na skenovacím elektronovém mikroskopu byly určeny tloušťky 
dielektrika Ta2O5 pro jednotlivé vyhodnocované řady kondenzátorů. 
Klíčová slova: tantalové kondenzátory, MIS struktura, transport elektronu, tunelový proud, 
oxid tantaličný, vodivý polymer, oxid manganičitý, Ta2O5 
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ABSTRACT 
The study of charge carrier transport in Ta2O5 oxide nanolayers is oriented on the 
explanation of the defects influence on the conductivity of these layers and on the 
identification of the charge transport mechanisms involved in the low temperature 
range. I am concerned on the study of tantalum pentoxide nanolayers provided by 
the anodic oxidation. Tantalum pentoxide of the thickness 20 to 200 nm is used as a 
dielectric layer in the tantalum capacitors. These capacitors can be considered as a 
metal-insulator-semiconductor (MIS) structure. The value of Ta2O5 electron affinity 
and work functions of Ta, MnO2 and CP, respectively, determine the heights of 
potential barriers formed on the metal-insulator (M-I) and insulator-semiconductor 
(I-S) interfaces.  The dominant mechanisms of the charge carriers’ transport at the 
room temperature in the Ta2O5 insulating layer are ohmic, Poole-Frenkel and 
tunneling in the normal mode (positive bias on anode) and ohmic mechanism and 
thermionic emission in the reverse mode (positive bias on cathode), and these could 
be determined from the analysis of the leakage current I-V characteristic. Particular 
transport mechanisms are dependent on temperature and electric field in the 
insulation layer. The leakage current value depends on the production technology, 
namely on the anodic oxidation and the cathode material. I-V characteristic is 
measured both in normal and reverse mode. I-V characteristic is asymmetric at the 
room temperature. This asymmetry decreases with decreasing temperature, and for 
the temperature below 50 K some of capacitors could be used as bipolar devices. I 
have determined the dominant charge transport mechanisms in Ta2O5 layers in the 
temperature ranges 12 to 100 K and 100 to 250 K, respectively, from the analysis of 
I-V characteristics measured in the range 12 to 250 K. Ohmic and tunneling 
mechanisms are involved in charge transport both in normal and reverse mode in the 
temperature range 12 to 100 K for all evaluated samples. Beside that the tunneling 
from HOMO level in CP into the defect band in the insulator and space charge 
limited current (SCHLC) are observed in this temperature range for the samples with 
CP cathode. Additional current component driven by the Poole-Frenkel mechanism 
is observed in the range 100 to 250 K in the normal mode and thermionic emission 
over the Schottky barrier is involved in reverse mode in this temperature range.  
SCHLC was detected for one sample with MnO2 cathode at the temperature 250 K. 
I have determined the MIS model parameters from the tunneling current components 
evaluation, namely the heights of potential barriers formed on the M–I and I–S 
interfaces and theirs temperature dependence. I have calculated the charge carriers’ 
mobility form the SCHLC component evaluation. C-V characteristic measurements 
and their temperature dependencies could be used for the estimation of I–S potential 
barrier height, capacitor electrodes affective area and the defects’ concentration in 
the Ta2O5 layer. The analysis of the capacitor cross-sections was performed by 
scanning electron microscope and the measurements of Ta2O5 layer thickness were 
performed for the each series of the capacitors. 
Keywords: tantalum capacitor, MIS structure, electron transport, tunneling current, tantalum 
pentoxide, conducting polymer, manganese dioxide, Ta2O5  
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